1 Background: nuclear quantum effects and multiple proton transfer Proton tunnelling belongs to the hallmarks of quantum mechanics. It represents the classically forbidden motion of a proton through the potential energy barrier that separates the final from the initial state -instead of the classically allowed thermally activated process of hopping over the top of that barrier. Although this intriguing phenomenon has attracted attention since the beginning of quantum mechanics, it is the exception rather than the rule in standard condensed phase chemical reactions at not too low temperatures. Much more common quantum effects in chemical kinetics are quantum delocalisation and zero-point motion. Proton tunnelling gets strongly suppressed upon increasing the height and/or the width of potential energy barriers and typically requires unusually favourable circumstances (such as short hydrogen bonds and stiff molecular skeletons) to contribute appreciably to chemical dynamics.
Liquid water and aqueous solutions first come to mind when looking for quantum effects in hydrogen-bonded networks, and in particular for proton tunnelling. 1 Despite these expectations, molecular simulations that explicitly include nuclear quantum effects in terms of path integrals disclosed that both proton and hydroxide transfers in water under ambient conditions are mainly driven by specific hydrogen-bond fluctuations around these charge defects and, therefore, are essentially thermally activated processes. [1] [2] [3] [4] [5] These fluctuations dramatically lower the energy barrier, which is unacceptably high at the typical hydrogen-bond distances in such systems of B2.8 Å but is greatly reduced if the donor-acceptor distance for proton transfer is decreased, for instance as a result of thermal motion or extreme compression. 1 Therefore, the reduction of the intermolecular OÁ Á ÁO distance in conjunction with proton transfer is often observed for aqueous systems and goes hand in hand and aqueous solutions mostly lead to broadened distributions and quantum delocalisation, but they rarely change the qualitative picture of the underlying physical process with reference to the classical, i.e. thermally activated process.
The strength of hydrogen bonds is a key feature influencing the possibility of proton tunnelling and depends sensitively on the potential energy surface. 10 Given the complexity of hydrogen bonding interactions already at the level of an individual water dimer, 11, 12 it is unsurprising that the wetting behaviour of various surfaces 13 and a variety of nanostructures on metals 14 indicate a vast richness of hydrogen-bond strengths. Proton transfer to and from water molecules on a metal oxide surface, for example, has been identified as the pathway for hydrogen migration. 15 Although double proton transfer is a coherent tunnelling process in the formic-acid dimer at low temperatures, as evidenced by the measured tunnelling splitting in the gas phase, 16 the transfer of the two protons via zero-point motion is quantum mechanically uncorrelated at higher temperatures. 17 In contrast, double proton transfer is stepwise in hydroporphyrins. 18 In biologically relevant systems, hydrogen-bonded chains create pathways for proton transfer, 19 and proton-ordered, hydrogenbonded, cyclic topologies might contribute to glycine formation in the interstellar medium. 20 These examples illustrate the delicate balance of the strength of hydrogen bonds in a network between the limits of a sufficient coupling for strong donoracceptor interactions and sufficient flexibility for donor-acceptor fluctuations.
Hexagonal ice, dubbed ice I h , provides a rich playground for the study of nuclear quantum effects owing to its peculiar arrangement governed by the ice rules, 21, 22 giving rise to its residual entropy. 23, 24 Nuclear quantum effects affect the molecular dipole-moment distribution in hexagonal ice 25 and explain the anomalous lattice expansion upon H -D substitution. 26 Ice I h is the most stable pure phase of water at low temperature and ambient pressure. 22 Cubic ice I, denoted as I c , is its metastable variant but never transforms to ice I h upon cooling. 22 A fully proton-ordered form of ice I h , called ice XI,
only exists in the presence of dopants such as KOH and is thus not a pure phase of solid H 2 O. 22 Hexagonal ice is, therefore, the most natural phase of solid water to study nuclear quantum effects at low temperature and ambient pressure. Nuclear quantum effects also underlie the low-temperature dynamics of non-crystalline water near the glass transition temperature. 27 Christof Drechsel-Grau
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Overall, nuclear quantum effects in solid water seem more important compared to the role they play in liquid water.
Beyond hydrogen-bonded complexes in the gas phase, tunnelling of individual protons is already quite rare and requires short donor-acceptor distances as in the case of an enzyme with a short hydrogen bond, 28 low temperatures as in hydrogen-bonded ferroelectric materials, [29] [30] [31] or high pressure as in ice VII/VIII, 32, 33 but the tunnelling of multiple protons is even scarcer. In the condensed phase at low temperature, tunnelling of multiple protons is known since long to occur in hydrogen-bonded molecular crystals [34] [35] [36] [37] or within individual molecules embedded in crystals. 38, 39 More recently, STM experiments have paved the way for controlling correlated proton tunnelling in a water tetramer. 40, 41 Most interestingly, quasi-elastic neutron scattering (QENS) experiments provided evidence for concerted proton tunnelling involving several protons in hexagonal ice I h at low temperature. 42 As a result of detailed analyses and partial deuteration of ice, it has been suggested that the tunnelling contribution to the total signal stems from the concerted movement of all six protons in proton-ordered water hexamers. The latter occur also in macroscopically proton-disordered ice I h crystals owing to statistical reasons. Stimulated by these experimental suggestions (ab initio path integral) simulations 43, 44 of atomistic ice as well as (quantum U(1)
lattice gauge) theory 45 of lattice ice investigated the possibility of collective multiple proton tunnelling in ice.
In this Perspective, we extend our previous work on collective proton transfer in hexagonal ice, 43, 44 identifying the temperature region in which the crossover occurs from the low-temperature quantum behaviour to the high-temperature classical behaviour; it is important to note that the notion ''classical simulation'' refers here exclusively to the representation of the nuclei in terms of classical statistical mechanics (versus quantum statistical mechanics in the case of ''quantum simulations'') while the interactions between the nuclei are always obtained from concurrent electronic structure calculations as these ab initio simulations proceed (see Section 6 for background, technical details, and accuracy). We also elucidate the role of the local environment in the proton-ordered six ring embedded in the proton-disordered crystal, and we investigate the influence of the deuteration fraction on the correlated transfer of six protons.
In the light of these analyses and conclusions, we also review the recent experimental and theoretical evidence for collective proton tunnelling in hydrogen-bonded networks at low temperature in the subsequent discussion Section 3.
2 Collective proton transfer in ice I h as seen by ab initio path integrals
To set the stage for this study, let us first concisely summarise the results of our simulations on collective proton transfer in hexagonal ice. 43, 44 As in the present work, we used previously also (ab initio path integral [46] [47] [48] ) quantum simulations (see Section 6 for background and details) to investigate the nature of the transfer of six protons within a proton-ordered six ring (water hexamer) embedded in proton-disordered hexagonal ice (see Fig. 1a and b). Qualitative differences in the mechanism of collective proton transfer prevail as a function of temperature. 43 At high temperature, the thermally activated transfer (hopping) of individual protons creates charge defects associated with a high free energy barrier. At low temperature, the six protons tunnel in a perfectly correlated (and concerted) manner like a delocalised quasi-particle that essentially prevents charge defects; the corresponding effective free energy barrier is greatly reduced compared to the high-temperature (classical) regime. To go beyond the temperature dependence, we studied the effect of partial deuteration on collective proton transfer at 50 K, 44 which leads experimentally to the suppression of the signal in the QENS study. 42 Compared to the system containing only protons, the partially deuterated system exhibits a higher free energy barrier and higher occurrence of charge defects in the transition state. Whereas all six hydrogen bonds of the proton-ordered six ring in the fully protonated system are equivalent, partial deuteration renders the hydrogen bonds inequivalent. Charge defects localise in a symmetric Zundellike complex, 44 i.e. [HOÁ Á ÁDÁ Á ÁOH], around the deuteron in the 
. proton-ordered six ring, thus destroying perfectly correlated collective proton tunnelling and the delocalised quasi-particle consisting of six protons. In summary, we can safely conclude in this state that the results of the above temperature-and isotope-dependent simulational work 43, 44 do not contradict collective proton tunnelling of six protons in hexagonal ice at low temperature. Despite the published evidence in favour of collective proton transfer within proton-ordered six rings in overall protondisordered ice I h , several questions persist. Ordinary (hexagonal) ice consists of both chair-like and boat-like six rings, which constitute the basal planes or interconnect these basal planes, respectively (see Fig. 1b and c) . The impact of the six-ring conformation on the concerted (versus sequential) nature of proton transfer is unknown. We also ignore the exact temperature dependence of proton transfer and, in particular, in what temperature range the change in scenario from perfectly concerted many-body quasi-particle tunnelling to the sequential hopping of the individual protons occurs, which is not expected to be a sharp transition but a smooth crossover. 49 Finally, we ask if even a single deuteron impurity in the system might perturb the concerted nature of the transfer process within the ordered six ring or if additional deuterons in the environment are required, as experimentally realised in the QENS study (vide infra). 42 We address all these effects, and combinations thereof, in what follows as the basis for a general discussion.
Influence of six-ring conformation
Every oxygen in hexagonal ice is tetrahedrally surrounded by four nearest oxygen neighbours. The oxygen tetrahedra are connected in such a way that six oxygens form cyclic rings, as illustrated in Fig. 1 . The cyclic six rings either lie in the basal plane and adopt a chair-like conformation (Fig. 1b) or connect adjacent basal planes and adopt a boat-like conformation (Fig. 1c) , see e.g. ref. 22 for comprehensive background on ice polymorphs. The chair-like and boat-like conformations constitute, in principle, different local environments, and we investigate below how the six-ring conformation influences collective proton transfer.
To elucidate the effect of the local environment on this phenomenon, we induced collective proton transfer at 50 K both in chair-like (filled blue squares in all figures; see also Table 1 ) and boat-like (empty red circles in Fig. 2 ) proton-ordered six rings without any D impurities. The process showed no qualitative differences in the two six-ring conformations, as evidenced by the respective data in Fig. 2 , which exhibits essentially superimposed filled blue squares and empty red circles for all quantities that characterise collective proton tunnelling. Thus, to improve clarity and readability, only data for chair-like proton-ordered six-ring conformations are presented in Fig. 3 -10 because the data for boat-like conformations hardly differ.
According to the full quantum simulations at 50 K, collective proton tunnelling 43, 44 exhibits strong correlations between the collective (or global) proton transfer coordinate,
, and all six individual proton transfer coordinates
) in the six ring. Above, d(XY) is the distance between sites X and Y, where O ( j) , H ( j) , and O ( j+1) denote the donor, the proton, and the acceptor of hydrogen bond j in the initially proton-ordered six ring (see Fig. 1a for our labelling of the hydrogen bonds). This concerted proton motion within the six ring results in essentially identical distributions P(f j ) of the six individual proton transfer coordinates in the transition state (shown for j = 1 and 4 in Fig. 8 for chair-like conformations) and large quantum delocalisation in the transition state, as seen from Fig. 2d . Table 1 Legend of symbols for simulation types of collective proton transfer in chair-like proton-ordered six rings in proton-disordered hexagonal ice (see 
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; and (d) representative imaginary
. See Table 1 Key analysis underlying the previous conclusion 43 that all six protons tunnel in a perfectly concerted manner in the sense of a delocalised quasi-particle is provided by the data in Fig. 2c ; the interested reader is referred to additional so-called world-line analysis of individual tunnelling paths in Fig. 3 of ref. 43 and to the representative videos present in its ESI. The many-body concerted nature of the tunnelling process at low temperature is disclosed by comparing in a statistical sense the imaginary time evolution of the individual six local proton transfer coordinates f j (as depicted in Fig. 2d for f 1 in terms of its correlation function) to the one of the collective proton transfer coordinate F. This is established by computing the average difference
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between the collective and all six local proton transfer coordinates, i.e. deviations between F(t) and all f j (t) at each sampled configuration g and all imaginary times t A [0, hb] as represented by the discretised Trotter beads s given in the caption of Fig. 7 (see Section 6 for background). Thus, hDi 0 Å if all local proton transfer coordinates f j (t) always exactly follow the global F(t) for all imaginary times t. For the initial state depicted in panel (a) of Fig. 7 , the distribution P(D) at 50 K is sharply peaked at a small value D max that quantifies ordinary quantum broadening at low temperatures due to zero-point motion. Importantly, its shape in the transition state at 50 K is statistically identical to that in the initial state, see panel (b), thereby unveiling that all six protons must move collectively as a quasi-particle at 50 K. The concerted proton motion at 50 K also leads to a negligible number of formal charge defects in the transition state, as evidenced by the bimodal distribution of the number of transferred protons peaked at 0 and 6 in Fig. 6 , and to a negligible probability of observing F = 0 (Fig. 2b) . All protons are statistically identical within the sampling error, as seen from Fig. 8 and 10 , which shows the distribution of and the correlation between representative local proton transfer coordinates. Table 1 for symbol definitions. collective proton transfer in a proton-ordered six ring (see Table 1 for symbol definitions). Hydrogen bond 4 is located opposite of hydrogen bond 1 in the six ring, and hydrogen bonds 2 and 3 are symmetrically equivalent to hydrogen bonds 6 and 5, as illustrated in Fig. 1 . The strong correlation among protons in the transition state is also essentially identical for collective proton transfer in chair-like and boat-like six rings (see Fig. 2c ). The rather small contraction of the six-ring skeleton for the boat-like conformation resembles that for the chair-like conformation, as seen from the distribution of the mean donor-acceptor distance in Fig. 5 , and results in a similarly low free energy barrier, displayed in Fig. 2a . The strong similarity between the full quantum simulation results for collective proton transfer in chair-like and boat-like six rings at 50 K shows that the conformation of proton-ordered six rings within hexagonal ice, and thus the local environment, has no effect on the computed observables. What matters most for collective proton transfer at sufficiently low temperatures in non-deuterated hexagonal ice is the cyclic arrangement of the six water molecules within the crystal and the local proton order within the six ring.
Having disclosed the negligible influence of the local sixring conformation on collective proton transfer above, we focus Table 1 for symbol definitions). Table 1 for symbol definitions). Data points at 50 K overlap on the scale of this figure for P(n TP ) B 0. Fðg; sÞÀ f j ðg; sÞ 2 . 6
of the local proton transfer coordinates f j from the collective proton transfer coordinate F for each computed configuration g and at all imaginary times t A [0, hb] as represented by the discrete Trotter bead index s = 1,. . .,P (a) in the initial state and (b) in the transition state for collective proton transfer (see Table 1 for symbol definitions). Note that D = 0 indicates perfect correlation among the global coordinate F and all local proton transfer coordinates f j at that particular configuration and Trotter slice. on chair-like proton-ordered six rings throughout the remainder of this Perspective.
Influence of temperature
Prior work on hexagonal ice 43, 44 has only established two limiting cases, namely concerted quantum tunnelling at 50 K (filled squares in all figures) and sequential classical proton transfer at 320 K (diamonds in all figures). Importantly, the high-temperature quantum simulations were found to share all qualitative features of classical simulations at 300 K. The shapes of the free energy profiles as well as the resulting barrier heights are seen to be essentially identical at 300, 100, and 50 K provided that the protons are treated as classical particles (see Fig. 3 ). Thus, the free energy barrier for quantum simulations at 320 K approaches that of these classical simulations, which demonstrates that thermal fluctuations do not influence the system if nuclear motion is treated classically in this temperature window. This implies that the proton transfer barrier is very high at the scale of the thermal energy; note that 1 k B T E 0.026 eV or E0.6 kcal mol À1 at 300 K. We thus consider herein Fig. 1 for the numbering of the hydrogen bonds and Table 1 for symbol definitions). Black circles, red up triangles, and blue squares in (b) overlap on the scale of this figure.
Fig. 9
Imaginary time correlation function of all local proton transfer coordinates
, in (a) to (f) in the transition state for collective proton transfer (see Fig. 1 for the numbering of the hydrogen bonds and Table 1 for symbol definitions). the temperature dependence of collective proton transfer for quantum systems only over the entire temperature range from 50 to 320 K by including results for 100 (filled down triangles) and 200 K (empty down triangles). Fig. 3-10 show the substantial qualitative similarity between quantum simulations at 50 and 100 K. Both at 50 and 100 K, the bimodal transition state distributions of the collective proton transfer coordinate F (Fig. 4) and of the number of transferred protons (Fig. 6) show no significant probability of observing either configurations with F = 0 or one to five transferred protons, respectively. Small quantitative differences prevail, suggesting that thermal fluctuations increasingly perturb quantum fluctuations at higher temperatures. In particular, the simulations at 100 K exhibit smaller quantum delocalisation (Fig. 9) and a smaller average donor-acceptor distance (Fig. 5) in the six ring than the simulations at 50 K, resulting in a larger free energy barrier at 100 K (Fig. 3) .
In contrast to the concerted proton transfer at 50 and 100 K, collective proton transfer exhibits charge defects in a high fraction of sampled transition state configurations at 320 K, resulting in a large free energy barrier (see Fig. 3 ) and in a unimodal distribution of the number of transferred protons in Fig. 6 , according to the full quantum simulations at 320 K, similar to the classical 300 K case. Most transition state configurations exhibit a collective proton transfer coordinate close to zero (see Fig. 4 ), which also implies the presence of formal charge defects. Quantum delocalisation and correlation between the collective and local proton transfer coordinates reach their minimum at 320 K, as shown in Fig. 7 and 9 .
The limiting scenarios of concerted tunnelling at low temperature and uncorrelated sequential proton transfer at high temperature raise the question of where the temperature of transition between the two scenarios lies. Although we cannot provide a precise transition temperature, which is anyway expected to occur in the sense of a smooth crossover, 49 our simulation results indicate a crossover regime somewhere above 100 and below 200 K, where the system's behaviour resembles neither the typical low-temperature quantum regime nor the high-temperature classical limit. The mean donor-acceptor distance in the transition state at 200 K (see Fig. 5 ) is closer to that at 320 K (B2.5 Å) than to that at 50 K (B2.7 Å). The distributions of the individual proton transfer coordinates in Fig. 8 also resemble those at 320 K more than those at 50 K. In contrast, the peak positions of P(D) in Fig. 7 show no significant difference when going from the initial to the transition state, similar to the low-temperature quantum scenario. Fig. 9 indicates a quantum delocalisation in between the quantum and classical limits. Its magnitude of B0.5 Å is a bit shorter than the jump distance extracted from experiment. 42 Fig . 4 and 6 show characteristics of both the quantum and the classical scenario at 200 K. On the one hand, the transition state distributions are bimodal, as in the quantum regime. On the other hand, the same distributions show substantial non-zero probabilities for F = 0 and P(n TP ) = 1-5, as in the classical regime. These observations support not only a crossover from quantum to classical behaviour somewhere between 100 and 200 K but also the experimental observation of a signal up to unexpectedly high temperatures; the experimental data up to 100 K were considered consistent with non-classical proton jumps. 42 The present work thus provides specific characteristics of the transition temperature region and its relation to the limiting high-and low-temperature scenarios.
Influence of the deuteration fraction
Quantum behaviour not only depends on temperature but also on the nuclear mass of the particles involved. Although zeropoint vibrations of hydrogen nuclei bonded to heavier atoms such as carbon, nitrogen, and oxygen constitute the most common quantum effect, tunnelling depends sensitively on the mass of the tunnelling particle and, in turn, provides a means to detect quantum behaviour. Replacing, on average, one proton per six ring by a deuteron (corresponding to a deuteration fraction of about 20%) has been shown to lead to the breakdown of collective proton tunnelling at low temperature both in the QENS measurements 42 and in the ab initio path integral simulations. 44 This deuteration represents a significant perturbation because it not only replaces about one fifth of all protons in the system but also destroys on average the symmetry in the proton-ordered six rings. At variance with experiment, computer experiments allow us to replace protons by deuterons in a controlled manner. Here, we study the extreme case of replacing only one proton by a deuteron in the protonordered six ring to investigate the effect of this much milder perturbation of the entire system. We found that even a single deuteron in the entire system, located in the proton-ordered six ring (filled black circles), strongly perturbs the collective proton tunnelling process. The free energy barrier almost doubles compared to the fully protonated system (filled blue squares), as seen from Fig. 3 . One deuteron in the six ring also leads to significant deviations from the all-proton system in the distributions P(D), P(f 1 ), and C(t,f 1 ), and in the correlation between local proton transfer coordinates in the transition state, see Fig. 7-10 , respectively. Although deuteration hardly affects the distributions of other collective variables, these deviations suggest that the replacement of a single proton by a deuteron in the entire system, if taking place in the proton-ordered six ring, induces localisation around this impurity very similar to the case of one deuteron per six ring. 44 The effect of deuterating a single proton site in the entire system appears substantially weaker than deuterating one proton in each six ring (filled red up triangles), but the qualitative effect on the fully protonated system is the same. Fig. 10(b) and (c) show that partial deuteration destroys the perfect correlation among hydrogen bonds within the proton-ordered six ring, whereas Fig. 8 and 9 reveal the influence of deuterons on the environment outside the proton-ordered six ring. Adding deuterons to the environment increases the free energy barrier and the amount of localisation of the protons within the proton-ordered six ring.
Having discussed the effects of temperature and deuteration separately, we compare them in the following section.
Estimating the quantum-to-classical crossover temperature
The free energy profiles in Fig. 3b show that the activation free energy of the fully protonated system at 100 K is higher than that of the system with a single deuteron and lower than that of the system with one deuteron per six ring at 50 K. A similar bracketing is observed for the distributions of the collective proton transfer coordinate and the mean donor-acceptor distance in Fig. 4b and 5b. In contrast, the distributions P(D) and P(f 1 ) of the deuterated systems resemble their protonated counterparts at 200 K more closely than those at 100 K, as seen from Fig. 7b and 8a . The subtle effects of temperature and deuteration on correlated proton transfer raise the question at what point the collective proton tunnelling breaks down. Careful analysis of Fig. 3-10 suggests that collective proton tunnelling exists when the following three criteria are met. First, the free energy profile exhibits a plateau in the transition state region. Second, the peak of the transition state distribution P(D) lies below 0.15 Å. Third, the imaginary time correlation functions of all local proton transfer coordinates must exhibit a delocalisation of at least the proton transfer distance, i.e. 0.8 Å.
According to the above criteria extracted from our simulation data, yet being of a purely phenomenological nature, multiple proton transfer in hexagonal ice occurs for fully protonated systems at temperatures up to about 100 K as a concerted many-body tunnelling process that involves all protons within proton-ordered hydrogen-bonded cyclic hexamers in the spirit of a quasi-particle. In contrast, temperatures above 100 K or one deuteron impurity in locally proton-ordered six rings at 50 K already induce a clear breakdown of this peculiar collective proton tunnelling process. This assessment is consistent with our earlier finding from Section 2.2 of a broad crossover regime from quantum to classical behaviour somewhere between 100 and 200 K.
Discussion
The simulations presented herein predict that the mechanism of the transfer of six protons in a locally proton-ordered six ring in hexagonal ice depends on temperature and isotopic composition as discussed in the previous section. This greatly extends the previous findings that, at 50 K, all six protons in proton-ordered six rings tunnel collectively in a perfectly concerted manner akin to a quasi-particle, which is destroyed by either partial deuteration or heating the system up to room temperature. 43, 44 These conclusions hinge on a set of approximations in order to make the underlying large-scale quantum simulations computationally practical. First of all, the simulations assume proton transfer along hydrogen bonds exclusively within the proton-ordered six rings by explicitly preventing proton transfer of the ordered six ring with its environment via hydrogen bonds (see Section 6 for details). They also induce the collective proton transfer within the proton-ordered hexamer by means of a constraint, as explained in Section 6 (which, however, does not impose the collective nature of the transfer but allows for defect formation as indeed produced in the high-temperature limit). Another approximation is the use of the classical limit of nuclei to assess the effect of (partial) deuteration by representing their paths by points in space. This approach more clearly brings out the consequences of deuteration given limited statistical sampling at the expense of not providing quantitative insights, which would be available by replacing the proton mass by that of the deuteron in the framework of quantum simulations. Moreover, these thermal path integral simulations are strictly time independent (despite using molecular dynamics to sample the path integrals) and, therefore, provide exclusively thermal averages of timeindependent observables, i.e. no insights whatsoever into the quantum dynamics and thus into the timescale of the process. Unfortunately, the free energy barrier obtained in the deep tunnelling limit can also not be straightforwardly used in a (quantum) transition state theory framework to estimate the rate of the associated dynamical process without considering involved corrections. [50] [51] [52] All these caveats obviously imply that the present quantum simulations cannot tell us how important the correlated tunnelling process is compared to alternative proton dynamics in low temperature ice owing to fundamental reasons. They also yield no quantitative observable signal such as structure factors, rate constants, kinetic isotope effects or tunnelling splittings. Overall, these simulations strongly support the possibility of concerted many-body quasi-particle tunnelling processes at low temperatures within the proton-ordered six rings of hexagonal ice, but only experiments and possibly refined many-body quantum dynamics simulations can yield conclusive evidence for this intriguing phenomenon. Recent experiments probed collective proton motion in locally ordered water rings: a study using incoherent quasi-elastic neutron scattering (QENS) investigated bulk hexagonal ice 42 and a scanning tunnelling microscopy (STM) study manipulated a hydrogen-bonded water tetramer adsorbed on a sodium chloride film supported on gold. 40 The QENS study discovered proton motion in proton-disordered hexagonal ice down to 5 K. The quasi-elastic signal disappeared both in fully proton-ordered ice VIII and in partially deuterated hexagonal ice, suggesting that the signal arises only in macroscopically proton-disordered phases of ice and involves the correlated quantum motion of more than one proton. The QENS study suggested a picture of six collectively tunnelling protons in locally proton-ordered water hexamers as they occur naturally in bulk hexagonal ice at thermal equilibrium. Open questions include the high rate constant of the collective proton motion, the transition temperature to the classical limit, the reason for the complete vanishing of the signal upon partial deuteration, and the role of the model and its implied temperature dependence in interpreting the raw data. The STM study investigated four cyclically arranged water molecules with proton-ordered hydrogen bonds. 40 The protonordered water tetramer exists in two chiral arrangements: clockwise and anti-clockwise hydrogen bonds within the ring by close analogy with the proton-ordered cyclic hexamers in ice. 41 The tunnelling current changed between two values for a given distance of the STM tip and the water tetramer, suggesting the collective proton transfer of all four protons in the four-ring to go from one chiral state of the tetramer to the other. The switching rates between the chiral states are virtually independent of temperature, tunnelling current, and bias potential, but they depend both on the distance of the STM tip from the water tetramer and on the position of the tip relative to the centre of the water tetramer. Whereas nearly symmetric tip positions recorded collective proton motion, both asymmetric tip positions and deuteration lead to much lower switching rates, thus indicating the quasi-particle nature of the process. The complex interaction of the STM tip with the water tetramer and the substrate might allow for control of collective proton motion in the future. However, further research is needed to understand the difference between the clockwise and anti-clockwise chiral states in terms of barriers and switching rates as well as possible experimental artifacts in this utmost sophisticated STM experiment. In addition to the obvious differences between the two systems in the QENS and STM studies, the vast differences of many orders of magnitude in the inferred timescales of the collective proton motion call for far more data and analyses from future experiment.
A recent study combining quantum U(1) lattice gauge theory and associated numerical studies characterised proton-disordered hexagonal ice. 45 This study 45 put forward the ''. . . possibility that the protons in ice I h could form a quantum liquid at low temperatures, in which protons are not merely disordered, but continually fluctuate between different configurations obeying the ice rules''. This quantum proton liquid is a coherent superposition of an exponentially large number of proton configurations obeying the ice rules and provides a unique quantum ground state with vanishing entropy. Thus, this scenario assumes both the absence of a proton-ordering transition and collective proton transfer in all proton-ordered loops in the entire crystal, therefore representing a zero-entropy state at T = 0 K. But how can this entropy be lost? Above temperatures of 0.5 K, no anomaly exists in the heat capacity of hexagonal ice, [53] [54] [55] and the residual entropy of hexagonal ice is already close to its Pauling value, 45 suggesting that thermal fluctuations cause the breakdown of the quantum ground state in the proton-disordered phase. The predictions developed in ref. 45 can be compared best to coherent scattering experiments. In particular, a direct comparison to the incoherent QENS study 42 remains inconclusive because the parameters entering the theory require independent determination and because incoherent scattering probes local proton motion. Yet, appealing predictions are made as to explain the ''wings'' greatly extending beyond the width of the elastic line that have been observed in the QENS experiments. 42 Despite a wealth of stimulating insights obtained so far from simulations and theory, refined and extended studies are required that probe more directly the consequences of the different scenarios in terms of experimental observables. Of prime interest would be the full dynamical (quantum) structure factor, thus including both the coherent and incoherent contributions, as a function of both temperature and deuteration fraction as well as the associated timescales of all underlying processes.
Conclusions and outlook
We have presented simulations of the correlated transfer of six protons within proton-ordered six rings, i.e. chiral hydrogenbonded cyclic hexamers, in hexagonal ice as a function of conformational structure, temperature and isotopic substitution.
Our simulations included thermal and quantum fluctuations to reveal the influence of the local environment, thermal activation and nuclear mass, respectively, on the nature of collective proton transfer. We provided evidence that the local environment in terms of chair-like or boat-like conformational arrangements of the proton-ordered six ring embedded in the crystal influences neither the barrier nor the mechanism of the transition. Our results suggest moreover a temperature of the order of 200 K for the transition from the low-temperature concerted many-body quasiparticle tunnelling to the high-temperature thermally activated sequential hopping regime, which appears to be surprisingly high. Even more unexpected might be the finding that upon variation of the degree of deuteration a single deuteron impurity in the protonordered six ring sufficed to prevent collective tunnelling at low temperature, 50 K. Additional or complete deuteration at 50 K enhanced this effect and corresponded to undeuterated systems of at least 200 K. Collective proton tunnelling in locally protonordered six rings in hexagonal ice occurred for proton delocalisations of about 0.8 Å and strong correlations between all local proton transfer coordinates and the global proton transfer coordinate describing the quasi-particle. Our detailed investigation is subject to a set of approximations and limitations, all of which are difficult to circumvent as exposed in the Discussion section, but it contradicts no current experimental data.
To date, the most direct evidence for collective proton tunnelling stems from a QENS study of hexagonal ice as a function of temperature compared to proton-ordered ice VIII and to partially deuterated samples. 42 Further supporting evidence for the concept of collective proton tunnelling in cyclic hydrogen-bonded topologies comes from an STM study that attributed the chirality switching of a water tetramer on a substrate to collective tunnelling. 40 Indeed, path integral simulations disclosed the possibility that all protons in proton-ordered water six rings occurring in ordinary ice can tunnel in a perfectly concerted manner like a delocalised quasiparticle at low temperatures, whereas both increasing thermal fluctuations and deuteration fraction destroy this phenomenon and lead to the usual activated sequential hopping of the six individual protons instead. 43, 44 Recent lattice gauge theoretical investigations, on the other hand, propose a quantum proton liquid ground state with vanishing entropy for hexagonal ice, being a coherent superposition of an exponentially large number of proton configurations obeying the usual ice rules. 45 All these studies contribute to our understanding of the collective transfer of multiple protons in hydrogen-bonded systems in the lowtemperature quantum regime. However, despite this growing yet partially contradicting evidence in favour of some sort of collective quantum proton transfer in condensed systems at low temperature, possibly via concerted quasi-particle tunnelling in localised cyclic structures or in the spirit of a coherent quantum liquid encompassing the entire system, no truly conclusive evidence prevails to date. This urgently clearly calls for intensified research in the future using experimental, theoretical and simulational approaches with the sole aim of either strengthening, modifying, or refuting this emerging concept. Appendix: computational methods and technical details
Defect-free hexagonal ice I h exhibits a regular oxygen sublattice, whereas the hydrogen sublattice is disordered but satisfies the ice rules. [21] [22] [23] Our model of such ordinary ice (shown in Fig. 1) consisted of 48 water molecules placed in an orthorhombic simulation cell of hexagonal symmetry 22 subject to periodic boundary conditions. The volume of the simulation cell was 13.54 Â 15.64 Â 7.37 Å 3 . A purpose-built software (used in ref. 43 but unpublished) produced overall proton-disordered crystal structures with zero dipole moment and minimal quadrupole moment subject to both the usual ice rules 56 and the presence of a central proton-ordered six-membered ring (see Fig. 1 ). To represent the proton disorder of hexagonal ice, we selected from a set of stochastically generated structures one among those with maximum randomness of the protons. 56 Based on this set-up, we studied collective proton transfer, i.e. the transition from the initial to the final state, as illustrated in Fig. 1a .
Proton transfer reactions require a quantum-mechanical description of the electronic structure that allows for the breaking and the formation of covalent chemical bonds. We used KohnSham density functional theory with the BLYP exchange-correlation functional 57, 58 in conjunction with a plane wave basis set expansion and norm-conserving pseudopotentials. 59 The cutoff for the plane wave expansion of the valence Kohn-Sham orbitals at the G-point of the Brillouin zone was 70 Ry, see e.g. ref. 48 for general background on such plane wave pseudopotential electronic structure calculations. It is stressed that the same electronic structure methodology is used for what we call ''classical'' and ''quantum'' (ab initio) simulations in order to represent classical and quantum nuclei, respectively, as specified in more detail below. The accuracy of these plane wave pseudopotential BLYP density functional calculations has been most carefully assessed in comparison to all-electron and frozen-core MP2 and CCSD(T) reference calculations using Gaussian basis sets for representative proton transfer processes sampled in hexagonal ice, as shown in the ESI (see in particular Fig. S8 and S9 ) of ref. 43 . The present work has focussed on the temperature and mass dependence of collective proton transfer in hexagonal ice. We captured thermal fluctuations of the atoms through ab initio molecular dynamics simulations 48 according to the Car-Parrinello algorithm 60 with a timestep and a fictitious electron mass of 4 a.u. E 0.1 fs and 400 a.u., respectively. In both classical and quantum simulations, the temperature was controlled by coupling each nuclear positional degree of freedom to a separate Nosé-Hoover-chain thermostat, 61 thus implementing so-called ''massive thermostatting'', to ensure efficient sampling in particular for ab initio path integral simulations 47, 48, 62 in order to capture nuclear quantum effects. In addition, the electronic degrees of freedom have been thermostatted using a separate Nosé-Hoover chain. For brevity, we call standard ab initio molecular dynamics using classical nuclei and ab initio path integral simulations using quantum nuclei ''classical'' and ''quantum'' simulations, respectively, throughout this work. Following a large body of earlier work on nuclear quantum effects in molecular systems, we employed simulations using classical nuclei (either all of them or specific subsets to be defined below) to qualitatively assess the deuteration effects. The path integral formalism of quantum statistical mechanics maps the many-body quantum system onto an equivalent extended classical system in which each quantum particle is represented by a classical cyclic polymer of P discretised Trotter (or imaginary-time) slices (or beads or replicas), s, where s = P + 1 = 1, in order to timeslice the full imaginary time interval t A [0, hb] of these so-called Euclidean path integrals in terms of s = 1,2,. . .,P replicas of the fully interacting system. 63 The extended classical system corresponds exactly to the quantum system in the limit of P -N. According to quantum statistical mechanics, the average of an operator B in the canonical ensemble is approximated as
B s; t k ð Þ, which becomes exact as P -N. Above, Tr is the trace of its argument, b = 1/(k B T) with T being the temperature and k B Boltzmann's constant, H denotes the Hamiltonian, and M denotes the number of sampled closed Feynman paths; as usual, the indistinguishability of identical particles and thus exchange are neglected in our path integral simulations. The ''on the fly'' combination of path integral sampling of nuclear quantum effects and concurrent electronic structure calculations of the electrons lead to the so-called ab initio path integral simulation technique, [46] [47] [48] 62, 64, 65 which is used here. Despite using molecular dynamics techniques to evaluate numerically the path integrals, time is fictitious, which implies that these simulations provide exclusively thermal averages of time-independent observables and, therefore, neither quantum dynamics nor physical timescales of processes. Such quantum simulations at 50, 100, 200, and 320 K used P = 32, 16, 8, and 5 imaginary time slices, respectively, to keep hb/P and, hence, the discretisation error along imaginary time roughly constant. In order to assess this level of Trotter discretisation, selected quantum simulations at 50 K using P = 64 Trotter slices were performed to investigate the convergence of observables with respect to P; see ESI of ref. 43 . The results for P = 64 and 32 beads were qualitatively identical and quantitatively very close so that 32 replicas were employed to keep the computational effort tractable. Classical reference simulations are obtained in the P = 1 limit and were performed at 50, 100, and 300 K to assess the influence of nuclear quantum effects. The two partially deuterated systems at 50 K used one proton in the entire system, being located in the proton-ordered six ring, and one proton per six ring, respectively, with one imaginary time slice of these particles in order to mimic the effect of deuteration when compared to the fully protonated system. This approach closely follows earlier work on singleparticle proton transfer along an intramolecular hydrogen bond. 66 Note that this leads formally to a hybrid QM/MM simulation at the level of the nuclei where the deuteration effect is approximated by invoking the classical limit of a subset of protons whereas all other nuclei are treated fully quantum mechanically throughout. The collective transfer of six protons between the locally proton-ordered initial (hFi E À0.8 Å) and final (hFi E +0.8 Å) states is a rare event that is inaccessible on the (fictitious sampling) timescale of ab initio (path integral) molecular dynamics simulations in view of the high energy barrier that separates the final from the initial state. To overcome that free energy barrier and to sample configurations with low probability, we constrained the global (or collective) proton transfer coordinate of the centroid positions, F c ¼ 1 6 what has been done earlier 66 in the context of single-particle proton transfer. We computed the constraint force, dF dF c ( )
, from at least F c = À0.8 Å to at least F c = +0.8 Å in increments of DF c = 0.1 % 3 Å. The constraint force was then numerically integrated to achieve thermodynamic integration 69, 70 from the initial to the final state as a function of F c to yield the free energy profile of Fig. 3 . After equilibration, we acquired data for F c ranging from À0.8 to 0.8 Å for at least 11 and 35 ps in the quantum and classical simulations, respectively. The statistical accuracy of these free energy calculations has been critically assessed in the ESI (see in particular Tables S1 and S2) of ref. 43 . In order to prevent proton transfer between the protonordered six ring and its environment, we applied one-sided harmonic restraining potentials along the respective bond axes to each of the six hydrogen bonds that connect the six ring to its environment. The protons external to the six ring that are covalently bonded to the six ring were thereby prevented from transferring to the environment, and the restraint became effective for (covalent) O-H bond lengths larger than 1.18 Å. The other protons, being externally hydrogen bonded to the six ring, were prevented from transferring to the six ring, and the restraint became effective for (hydrogen bond) OÁ Á ÁH distances smaller than 1.58 Å. The force constant of the restraining potential was 0.5 atomic units in both cases. Proton transfer from or to a water molecule that is a member of the proton-ordered six ring to a hydrogen-bonded water molecule outside the ring would formally lead to the formation of an OH À or H 3 O + defect, respectively, within the six ring.
Thus, the six ring would formally remain proton ordered, but it is expected that the creation of such a net charge defect within the ring would lead to strong structural distortions. It could be speculated that they are at least comparable to (but probably even stronger because more asymmetric than) the intrinsic charge defects that occur at high temperatures due to the proton hopping mechanism. Thus, it is expected that fluctuations in the hydrogen-bonded network that host the protonordered six ring leading to net (de)protonation of the six ring would destroy the concerted nature of the process and thus lead to essentially thermally activated high-temperature behaviour. All classical and quantum simulations were carried out using our in-house version of the CPMD program package 71 that has been suitably modified earlier 43 for the purpose of this research.
